This Trojan horse strategy aims at specifi cally killing tumor cells. To achieve this goal, High-Z-element nanoparticles brought by macrophages are stimulated using low doses of X-ray radiation. The nanoparticles (namely FERINJECT®) liberate toxic photoelectrons in situ without damaging the surrounding healthy tissues. With its specifi c targeting of cancer cells, this promising anticancer strategy could greatly improve the effi ciency of current radiotherapy. Many solid tumors and their metastases are still resistant to current cancer treatments such as chemoand radiotherapy. The presence of a small population of Cancer Stem Cells in tumors is held responsible for relapses. Moreover, the various physical barriers of the organism (e.g. blood-brain barrier) prevent many drugs from reaching the target cells. In order to alleviate this constraint, we suggest a Trojan horse strategy consisting of intravascular injection of macrophages loaded with therapeutic nanoparticles (an iron nanoparticle-based solution marketed under the name of FERINJECT®) to bring a high quantity of the latter to the tumor. The aim of this article is to assess the response of primary macrophages to FERINJECT® via functional assays in order to ensure that the macrophages loaded with these nanoparticles are still relevant for our strategy. Following this first step, we demonstrate that the loaded macrophages injected into the bloodstream are able to migrate to the tumor site using small-animal imaging.
Introduction
Cancer is the world's second leading cause of death, and was responsible for 8.8 million deaths in 2015. Nearly 1 in 6 deaths is due to cancer 1 despite major progress in the development of anti-tumoral treatments such as surgery, chemotherapy, radiotherapy and immunotherapy. Solid tumors remain responsible for a high number of deaths due to the presence of cancer stem cells (CSCs) that are particularly resistant to current cancer treatments 2, 3 and are consequently responsible for relapses and metastases often turning out to be fatal. CSCs, like normal stem cells, are capable of both self-renewal and differentiation into multiple cells. The CSC population is generally small, but the number of CSCs depends on the type of tumor with a progression rate varying from <0.1% to 30%. [4] [5] [6] However, they are responsible for high cellular heterogeneity in the tumor 7 -one of the main reasons explaining resistance to chemotherapy. CSC resistance is reinforced by the presence of protective mechanisms such as drug efflux transporters at their surface (e.g. ATP-binding cassette including P-glycoproteins), that prevent the accumulation of drugs within cells. 6 Moreover, contrary to non-CSCs, CSCs have a high DNA repair capacity and anti-apoptotic mechanisms that jeopardize the efficiency of most current anticancer strategies. 6, 8 CSCs are also resistant to current radiotherapy 9 because they are often in a quiescent state. 10 To increase the efficiency of ionizing radiations in treating solid and resistant tumors, several pre-clinical studies have combined High-Z-element nanoparticles (HZE-NP) with radiation therapy in order to increase the intensity of radiation without damaging the surrounding healthy tissue. This strategy makes it possible to increase the contrast between healthy and cancerous tissues in absorbing ionizing radiation. 11 The stimulation of HZE-NP liberates photoelectrons in situ. Their short-range allows these photoelectrons to kill, primarily, tumor cells with minimal damage to surrounding tissue. 12, 13 In current clinical experiments HZE-NP are generally injected directly into the tumor, with the most commonly used HZE-NP being gold NP. 14 The three main constraints of this strategy are: (1) injecting HZE-NP into the tumor can cause injury and is therefore an invasive method. Moreover, some cancer cells have a low endocytosis capacity, 15 and HZE-NP can spread outside the tumor, thereby limiting their specificity. (2) Since metastases are not always detectable with current imaging technologies, it is not possible to inject HZE-NP directly into non-detectable small tumors. (3) Gold is a rare and expensive material. 16 (4) Persistent NP such as gold NP may cause adverse effects after the tumor has been treated. Another method consists of intravascular HZE-NP administration in the hope that they will spontaneously cross blood vessels to reach the tumor by means of the Enhanced Permeability and Retention (EPR) effect. Indeed, tumors are highly vascularized and have poor lymphatic drainage. This method has been considered in the case of many solid tumors, but the overall results have revealed that less than 2% of injected NP reached the tumor. In the particular case of glioblastoma (GBM), due to the blood brain barrier, the ratio of NP in the tumor can be even lower. 17 However, the use of nanoparticles to deliver drugs, unlike the traditional use of drugs alone, improves the therapeutic effect. Moreover, functionalizing particles using antibodies or ligands makes it possible to increase the uptake and the specific targeting of the drug toward specific cells as in the case of cancer cells. This strategy is still controversial in comparison to non-functionalized nanoparticles. 18, 19 Often, active targeting by functionalized particles is effective in cell culture, but many studies have shown that, in vivo, functionalization is much less efficient 20 due to the destruction and/or inactivation of ligands at the surface of particles (opsonization) and the difficulty of crossing the organism's various barriers. In the present article, we therefore suggest a new, Trojan horse strategy in order to protect particles, overcome the aforementioned constraints and treat resistant tumors using primary macrophages to specifically carry HZE-NP directly to the tumor. Inducing inflammation in the tumor makes it possible to recruit many circulating immune cells, such as neutrophils, lymphocytes 21, 22 and monocytes/macrophages. 23 (4) Monocytes are present in the bloodstream and are simple to harvest and differentiate in vitro into macrophages. Like titanium, gadolinium, quantum dots, etc., iron is an HZE, releasing photoelectrons when stimulated by X-rays. Beams at 18 KeV cause iron to release photoelectrons within an average range of 3 µm. 27 Iron is a cheap and abundant metal, and iron oxide nanoparticles are easy to produce. Moreover, macrophages play an important role in iron homeostasis so that iron, unlike other metals, can easily be managed in large quantities by macrophages without inducing a strong risk of disrupting their viability and their functionalities. 31, 32 nanoparticles, using dynamic light scattering (DLS) and transmission electronic microscopy (TEM). We then evaluated the best working dose by performing viability assays, followed then by quantifying the amount of particles and iron loaded within the cells. Next, we assessed the effects of FERINJECT® on the functionality of macrophages, in vitro, to check whether our iron-loaded macrophages were still able to migrate toward the tumor (sensitivity and motility assessment). By using non-invasive smallanimal imaging, the next step was to confirm that the ironloaded primary macrophages intravenously injected into mice were able to migrate toward the tumor. Finally, we assessed the improved effects of radiotherapy on tumor cells when they were at the vicinity of FERINJECT®-laden macrophages.
Materials and methods

Nanoparticles
Iron carboxymaltose (FERINJECT®, 50 mg mL −1 ) was purchased from Vifor Pharma (Bern, Switzerland). The hydrodynamic diameter and particle size distribution were characterized by dynamic light scattering (DLS) after dilution in H 2 O or culture medium DMEM after 0 h or 24 h of incubation at 37°C, 5% CO 2 . Nanoparticles were diluted at 10 µg mL −1 for measurement. Titanium oxide nanoparticles (21 nm) were purchased from Sigma-Aldrich (catalogue number 718467).
Transmission electron microscopy (TEM) for nanoparticle characterization
The negative stain Mica-carbon Flotation Technique (MFT) was used: samples were absorbed by the clean side of a carbon film on mica, stained and transferred to a 400-mesh copper grid. The images were captured under low-dose conditions (<10 e − Å −2 ) at a magnification of 11Kx, 13Kx, 23Kx and 30Kx
with defocus values between 1.2 and 2.5 μm on a Tecnai 12 LaB6 electron microscope at 120 kV accelerating voltage using a CCD Camera Gatan Orius 1000.
Cell culture
Primary mouse macrophages were obtained from bone marrow as described by Schleicher and Bogdan, 33 Tarakanova et al. 34 and Triboulet et al. 35 Bone marrow was aseptically collected from the femur and tibia of 6 weeks-old C57Bl6 mice sacrificed by cervical dislocation. The marrow plugs were dissociated by repeated flushing with the culture medium (DMEM supplemented with 20% v/v L929 cell culture supernatant, 10% v/v fetal bovine serum, 5% v/v horse serum, 2 mM glutamine and 1 mM sodium pyruvate), and cells were plated on non-adherent cell culture T175 flasks (Greiner bio-one CellStar). An equal volume of medium was added after 4 days in culture. After 7 days in culture, the cells were scraped off and replated at 1 million cells per mL in the same medium, lowering the L929 supernatant to 10% v/v. Mature macrophages were obtained after an additional 3 days, and were viable and stable up to 2 weeks, provided that the culture medium be renewed every 3 days. For treatment with iron oxide nanoparticles, the following protocol was used: cells were first seeded at 1 000 000 cells per mL in 6-well plates (2 mL per well). They were exposed to nanoparticles on the following day and harvested after a further 24 h in culture. For all assays, cell viability was measured using either trypan blue exclusion or propidium iodide, the latter with a flow cytometer. Nanoparticles internalization was assessed using the light scattering of the cells in the flow cytometer (side scattering parameter). 9L (from Sigma, catalog number: 94110705) and F98 glioma (from ATCC, catalog number: CRL-2397) were obtained, respectively, from Sigma (Darmstadt Germany) and ATCC (Middlesex UK). Both cell lines were grown in DMEM GlutaMAX high glucose with pyruvate, supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C, 5% CO 2 . Both cell lines were grown in monolayers and when they became confluent, trypsin was used for passaging.
Perls staining
Cells were incubated at 500 000 cells per mL for 24 h at 37°C, 5% CO2 in 6-well plates. They were then exposed to 1 mg mL
FERINJECT® for 24 h. Cells were rinsed twice with PBS and fixed with 4% PFA for 20 minutes at room temperature. Then, they were rinsed twice with PBS before adding 2 mL of 10 mg mL −1 potassium ferrocyanide(II) in 3% hydrochloric acid. Cells were then incubated for 15 min at 60°C to obtain the blue color reaction. After two rinses with PBS, cells were counterstained for 5 minutes with safranine 2.5 mg mL −1 and rinsed twice with PBS before microscopic examination.
Quantitative bathophenanthroline assay
Cells were incubated at 500 000 per mL for 24 h at 37°C, 5% CO2 in 6 well plates. Then, they were treated with 1 mg mL
of FERINJECT® for 24 h. Cells were recovered using centrifugation at 290g and were washed twice with PBS. Cell pellets were dissolved in 500 µL of aqua regia (mix of HCL 3 M and HNO 3 2.5 M) for 2 days. 180 µL of the cell lysate were taken, to which, in respective order, 380 µL of saturated ammonium acetate, 72 µL of 380 mg mL −1 sodium ascorbate and 144 µL of 17 mg mL −1 bathophenantroline dissulfonate were added. The mixture was incubated at room temperature for 30 minutes. Absorbance was measured at 535 nm. The quantity of iron was calculated with a calibration range from 0 to 500 µg mL −1 of iron (Mohr's salt).
Quantitative ICP-MS method
Cellular uptake of FERINJECT® was measured by inductively coupled plasma mass spectrometry (ICP-MS). 500 000 cells were plated in 6-well plates. Twenty-four hours later, the media was changed with media containing different concentrations of FERINJECT®. After 24 h incubation, the wells were rinsed twice with PBS and were trypsinized. Cells were counted and samples centrifuged before removing the supernatants. Before ICP-MS measurement, samples were mineralized in 500 µL nitric acid 67% and for measure, diluted to 1/100 in ultrapure water containing Gallium (internal standard at 620 nmol L −1 ).
Data depicted the average iron mass uptake per cell.
Phagocytosis assay
The phagocytic activity was measured using fluorescent latex beads (1 µm diameter, green labeled catalog number L4655 from Sigma-Aldrich) and flow cytometry, as described by Abel et al. 36 and Triboulet et al. 
NO production
The cells were grown to confluence in a 6-well plate. Half of the wells were then treated with 100 ng mL −1 lipopolysaccharide (LPS, from salmonella), and arginine monohydrochloride was added to all wells (5 mM final concentration) to give a high concentration of substrate for nitric oxide synthases. After 24 h incubation, the cell culture medium was recovered, centrifuged at 10 000g for 10 minutes to remove cells and debris, and the nitrite concentration was measured after adding an equal volume of Griess reagent (Griess' reagent for nitrite, catalog number 03553 from Sigma-Aldrich). It was then incubated at room temperature for 30 minutes. Absorbance was measured at 540 nm.
Cytokines
Tumor necrosis factor (TNFα), interleukin 6 (IL-6), monocyte chemoattractant protein-1 (MCP-1) and interleukin 10 (IL10) concentrations were measured in the supernatant culture of cells exposed to NP and activated by LPS, using the Mouse Inflammation Cytometric Bead Array kit (BD Biosciences, Rungis, France) according to the manufacturer's instructions. Measurements were performed on a Facscalibur flow cytometer, and the data were analyzed using FCAP Array software.
F-Actin staining
Cells were cultured at 80 000 cells per mL on coverslips placed in 6-well plates and exposed to NP for 24 h at 37°C, 5% CO2. They were then washed twice in PBS before being fixed in 4% paraformaldehyde for 30 minutes at room temperature. Next, cells were permeabilized with Triton X 100 at 0.1% diluted in PBS for 5 minutes at room temperature, then washed twice in PBS and incubated with 500 nM Phalloidin-Atto 550 (SigmaAldrich) for 20 minutes at room temperature in the dark. Finally, the cells attached to the coverslips were washed twice in PBS and mounted with "Vectashield mounting medium for fluorescence with DAPI" (ThermoScientfic, Waltham, Massachusetts USA). Pictures were obtained using the LSM 800 confocal microscope (Zeiss, Oberkochen, Germany), lens 63×/1.4 oil and numerical zoom = 2. Colors were added using FIJI software.
Transwell migration assay
Cells were seeded at 200 000 per Transwell filter (5 µm, SigmaAldrich) in the upper compartment and incubated for 24 h at 37°C, 5% CO2. The next day, nanoparticles were added for 24 h in both compartments of the transwells. At the end of incubation period, culture medium was removed from the upper compartment. Transwell filters were washed in two successive baths of PBS, fixed with cold ethanol 50% for 20 min and rinsed once with PBS. Cells having adhered to Transwell filters were colored with 0.1% crystal violet for 15 to 30 min. Transwell filters were washed again in two successive baths of PBS. Cells that had not migrated across the Transwell filters were removed by wiping the upper side compartment with a cotton swab. Transwell filters were washed again in two successive baths of PBS. Cells having migrated were observed and counted by light microscopy.
Macrophage polarization
After inducing differentiation in macrophages over 10 days, cells were activated (M1 condition) with 100 ng mL per condition were harvested and rinsed with PBS. Cells were resuspended and incubated with 10 µg mL −1 FC block (catalogue number 553141) for 5 minutes at room temperature. Next, cells were stained using antibodies diluted in "PBS-Fluo" (containing 3% fetal calf serum and 0.16% sodium azide) for 45 minutes at room temperature. The antibodies used were anti-CD38 coupled with FITC (catalogue number 558813) and anti-CD206 combined with Alexa Fluor® 647 (catalogue number 565250) at, respectively, 5 µg mL −1 and 2 µg mL −1 .
Data were acquired and analyzed using a FacsCalibur flow cytometer equipped with CellQuest cytometry software.
Animal experiments
All animal experiments were conducted in agreement with the Principles of Laboratory Animal Care (National Institutes of Health publication no. 86-23, revised 1985) and approved by the regional ethics committee. 
2.13.2.
In vivo whole body fluorescence imaging. Fluorescence imaging was performed with an NIR 2D-fluorescence reflectance-imaging device (Fluobeam®700, Fluoptics, France). The excitation was provided by a class 1 expanded laser source at 680 nm, and the fluorescence signal collected via a CCD through a high pass filter >700 nm. Mice were anesthetized (isoflurane/air 4% for induction and 2% thereafter), and whole body fluorescence imaging was performed at 1, 2, 3, 5, 24 and 48 h in the tumor model. For image analysis, regions of interest were defined at the tumor site, contralaterally and on the liver, lung, spleen and femur. Results were expressed as tumor/contralateral skin site ratios. At the final time point, the mice were euthanized and isolated organs were harvested for ex vivo fluorescence imaging of the isolated organs.
X-ray irradiation
Before irradiation, 10 × 10 6 FERINJECT®-laden primary macrophages and 10 × 10 6 F98 cells were mixed in a 0.2 µL PCR tube to obtain cell pellets. The pellets were scanned with an 18 KeV X-ray beam, obtained by synchrotron radiation (ESRF, FAME beamline). Radiation doses, measured using the Fricke method were equivalent to 4 or 8 Gy. 37, 38 The cells were then seeded in a 6-well adherent plate with 200 000 cells per well.
They were incubated for 48 h at 37°C, 5% CO 2 (the first 24 h allowing for cell adherence and the next 24 h allowing for cell division). The cell proliferation assay was performed using crystal violet. After removing the culture medium, cells were rinsed twice with PBS and fixed with an acid-alcohol solution (mix of 1% acetic acid, 49% ethanol and 50% water) for 20 minutes. Cells were then stained with crystal violet (4 µg mL −1 ) for 30 minutes and eluted with 1 mL of the same acid-alcohol solution. Absorbance of the colored eluate is proportionate to the number of cells and was measured at 590 nm. 39 
Results and discussion
3.1. Nanoparticle behavior NP dissolution was characterized using DLS. In H 2 O and DMEM, FERINJECT® was considered monodispersed ( percentage of dispersity <15%) and in DMEM supplemented with 1% or 10% SVF, FERINJECT® appeared as very polydispersed due to the presence of serum, i.e., the dispersity was not measurable (Table 1) . FERINJECT® had a hydrodynamic diameter comprised between 21.6 nm and 25 nm in H 2 O or DMEM medium. After 24 h of incubation at 37°C, 5% CO 2 , in H 2 O and DMEM, FERINJECT® was still considered monodispersed but with a higher percentage of dispersity. Overall, after incubation 24 h at 37°C, the hydrodynamic diameter decreased very slightly (NP diameter decreasing by 1 nm to 3.4), suggesting minimal dissolution (Table 1) . Examination by Transmission Electron Microscopy (TEM) revealed that FERINJECT® NP have an irregular stick shape with a length between 18.9 nm and 23.9 nm. No aggregation is visualized under any of the conditions (Fig. 1, Table 2 ). Thus, for DMEM with SVF, the high dispersity observed with DLS measurement is due to the proteins present in serum. Size measurement and the slight dissolution of FERINJECT® observed by TEM were similar to DLS characterization.
Specificity of cell type regarding iron uptake
We wanted to assess the capacity of cancer cells such as GBM to engulf iron in large quantities when in contact with 1 mg mL −1 of FERINJECT®. This assessment was performed using ICP-MS, proving that L9 and F98 GBM cells cannot store FERINJECT® (only 0.36 and 0.15 pg per cell of iron was stored) ( Fig. 2A) . This low percentage of FERINJECT® internalization is not due to a high cell mortality (Fig. 2B) . In our experiment, the lack of iron accumulation in typical tumor cells explains the importance of using macrophages to enhance maintaining iron at the tumor site, aside from the ability of targeting tumors and crossing body barriers. Without macrophages, these particles cannot accumulate in a tumor and, therefore, may diffuse outside the tumor zone.
Working dose determination of FERINJECT® on primary macrophages
In a therapeutic protocol, the concentration of FERINJECT® must not induce high lethality on primary macrophages. We considered 20% lethality to be the upper limit for the compromise between the cellular loading in NP and their viability.
Results displayed in Fig. 3 show that FERINJECT® is only slightly toxic to primary macrophages. LD20 was only reached at a concentration of over 1 mg mL −1 . Consequently, at this stage of our research, FERINJECT® could be used at this high concentration (1 mg mL −1 ) in order to store a maximum amount of iron within macrophages without killing them. We considered that 1 mg mL −1 is a high concentration compared to other articles studying the impact of zinc oxide, 40,41 silver 42 and copper oxide 43 nanoparticles on macrophages.
Iron uptake by primary macrophages
We first performed qualitative experiments. Perls staining, commonly used in optical microscopy to reveal the presence of ferric elements inside cells, revealed blue iron deposits in primary macrophages (Fig. 4A) . Iron loading in the cells was accurately quantified by bathophenanthroline assay, which showed a significant quantity of iron in the macrophages exposed to FERINJECT®, contrary to GBM cells ( Fig. 2A) . Indeed, after 24 h of incubation, 8.3 pg per cell of iron was internalized by primary macrophages (Fig. 4B )-a result 23 times greater than L9 cells and 56 times greater than F98 cells. However, when cells were left in culture for an additional 24 h incubation period in the absence of FERINJECT®, we observed a slight release of iron (decrease to 6.5 pg per cell) that became even more marked after 72 h recovery (decrease to 2.7 pg per cell). This decrease is due to the progressive dissolution of FERINJECT®. Indeed, the evolution of granulometry (corresponding to the amount of NP stored within the cells) of FERINJECT®-laden cells was compared with same-size indissoluble NP-TiO 2 -laden cells using a flow cytometer. For FERINJECT®, we observed a significant decrease of granulometry (−11%) after 72 hours recovery. On the contrary, the granulometry values of NP-TiO 2 remained unchanged over time (ESI 1 †). Thus, the loss of iron from macrophages proves that treating a tumor with low-doses of X-rays should take place no later than 24 h after injection of loaded macrophages.
Functional studies of primary macrophages
Functional studies were set up to determine if macrophages loaded with iron particles were still able to respond to stimuli and move towards inflammatory zones such as wounds, infections and, more importantly, tumors. We tested the impact of FERINJECT® on the classical functions of macrophages such as phagocytic ability, modulation of the LPS-induced production of cytokines, and NO. Regarding phagocytosis, flow cytometry enables investigation of two parameters, i.e., the proportion of cells that remain phagocytic after being exposed to NPs and the intensity of the phagocytic activity for phagocytosis-positive cells. When primary macrophages were exposed to FERINJECT®, the cell proportion and the intensity of the phagocytic intensity were unchanged compared to controls without FERINJECT® (Fig. 5A and B) . Results did not show a FERINJECT® effect on the phagocytosis capacity of primary macrophages. These results were confirmed by visualizing the integrity of the F-actin cytoskeleton. No difference was observed between cells incubated with FERINJECT® compared to control cells, without NP (Fig. 6 ). For NO production, after stimulation with LPS, secretion decreased very slightly in the presence of FERINJECT®, i.e. by a non-significant 11% (Fig. 7A) . Flow cytometric analysis revealed that FERINJECT® did not affect the production of IL-6 and TNFα pro-inflammatory cytokines, nor was secretion of IL-10 anti-inflammatory significantly modified. However, secretion of pro-inflammatory MCP-1 significantly decreased by 26.6% (Fig. 7B ). All these results showed that FERINJECT® induces only a marginal effect on the functionality of macrophages. FERINJECT® thus appears to be a good candidate for therapeutic strategy.
Transwell migration assay
We set up the Transwell migration assay to evaluate the ability of primary macrophages to migrate toward inflammatory stimuli. This assessment confirmed the phagocytosis assays. FERINJECT® neither inhibited the motility of primary macrophages, nor prevented macrophages from being able to ). Fig. 3 Viability of primary mouse macrophages. Cells were exposed for 24 h to increasing doses of FERINJECT®. Viability was measured using propidium iodide (1 µg mL
).
Paper Nanoscale respond to inflammatory stimuli such as LPS. We showed that, under both conditions (with and without exposure to FERINJECT®), macrophages were able to cross the membrane and adhere to the basal side of the Transwell. Moreover, cells were still responsive to a chemotactic stimulus such as LPS (Fig. 8) .
Small animal imaging
We wanted to approach real-use conditions to confirm that primary labeled macrophages injected into the bloodstream were able to migrate specifically to the tumor zone. Smallanimal imaging was used to determine the in vivo biodistribution of loaded macrophages and to assess their tumor uptake kinetics. Non-invasive fluorescence imaging was performed over a span of 48 h and showed that injected macrophages quickly accumulated (1 h after injection) in macrophage-rich organs, including the liver and lungs. Interestingly, at 24 h post injection, the presence of labeled macrophages in the lungs had drastically decreased. On the contrary, we observed an uptake of labeled macrophages in bones and a massive accumulation in the spleen after 5 h (Fig. 9A ). Small-animal imaging revealed a moderate, but significant, recruitment of labeled macrophages to the tumor site 24 h after injection (Fig. 9B) . These results were similar under both conditions, i.e. macrophages loaded with fluospheres only and those loaded with Fluospheres and FERINJECT®, thus proving that FERINJECT® did not alter macrophage sensitivity to stimuli and ability to migrate toward the tumor. However, the fluorescence signal in the tumor slightly decreased between 24 h and 48 h after injection, a factor that offers insight into a potential clinical strategy. Indeed, we observed that the optimal rate of macrophage accumulation in the tumor should occur no later than 24 h after injection. After 48 h, mouse organs were retrieved and individually imaged (Fig. 9C) .
Results confirmed the massive and lasting accumulation of macrophages in detoxifying organs-lungs, and to a lesser extent, lymph nodes. They also confirmed the very significant accumulation of loaded macrophages at the tumor site. Measurement of the ex vivo fluorescence signal in the tumor compared to healthy contralateral skin showed a tumor/skin ratio of 9 for the fluosphere-only loaded macrophages and 6.7 for the simultaneously-loaded fluosphere and FERINJECT® macrophages (Fig. 9D) . Recruitment of macrophages in the tumor was slightly lower when charged with FERINJECT®, but this difference may be explained by the fact that macrophages were more heavily loaded in the fluorescent probe+FERINJECT® condition than in the fluosphere-only condition. However, these results clearly illustrate the capacity of injected primary macrophages to be recruited by tumors, thereby promoting the concept of using iron particles-loaded macrophages to treat solid and resistant tumors. Moreover, this strategy may also be applied to other types of particles and/or drugs.
X-Ray irradiation
Two days following radiation exposure (4 or 8 Gy at 18 KeV), the F98 cell proliferation assay showed a significant decrease of cell multiplication for the cells that had been irradiated in the presence of FERINJECT®-laden macrophages. For the cells that had been exposed to the same radiation dose but in the presence of unloaded macrophages, the decrease was less marked. Indeed, radiation efficiency was enhanced by 19% for 4 Gy and 20% for 8 Gy (Fig. 10 ). This effect is only observed 2 days after radiation exposure, certainly because of cell adhesion before first divisions. This in vitro assay proves that the use of FERINJECT®-laden macrophages to enhance radi- ation therapy is effective. Furthermore, it also demonstrates that direct internalization of nanoparticles by cancer cells, as classically described 12, 13 is not an absolute requisite for HZEenhanced radiotherapy. In the future, we aim to reinforce the effect of photoelectron emissions and, consequently, of radiotherapy. A possible approach would be to increase the size of the NP contained in FERINJECT®. This would facilitate their phagocytosis and thus their accumulation in macrophages. It should also decrease the rate of iron loss over time after macrophage loading with iron. Moreover, we could irradiate cells with higher-energy X-rays (e.g. 40 Kev or 80 KeV instead of 18 Kev). This would imply moving away from the appropriate wavelength to excite iron (7 KeV), meaning that fewer electrons would be emitted. However, they would travel a longer distance (e.g. 40 KeV ≈ 30 µm, 80 Kev ≈ 100 µm and 120 KeV ≈ 200 µm) 44, 45 and thus be more likely to kill neighboring cells, the average size of a macrophage being 30 µm. The next goal will be to find a level of energy offering a suitable compromise between the amount of photoelectrons produced by FERINJECT® and those released out of the macrophages.
Conclusions
In summary, despite ever more effective anticancer treatments, the mortality rate due to solid tumor relapses remains too high. The concept of CSCs can explain most of these therapeutic failures. The development of NP offers new possibilities for targeted therapies, although efficient targeting and NP internalization by cancer cells are still controversial. In order to increase the specific accumulation of NP such as HZE-NP (e.g. NP-Fe 2 O 3 ) at the tumor site, a Trojan horse strategy using macrophages shows promise. The present results illustrated that FERINJECT® loaded at 1 mg mL −1 did not alter (or very marginally) primary macrophage function, and that recruitment of injected primary macrophages at tumor sites could be successfully visualized by in vivo small-animal imaging. Finally, results demonstrated that macrophages are promising tools to accumulate and maintain a large amount of anticancerous particles (HZE nanoparticles). In the future, additional assays must be carried out to enhance the attraction of injected macrophages into the tumor and to increase the quantity of particles engulfed, while limiting damage to macrophages. One possibility would be to inject macrophages that have been pre-activated in vitro by inflammatory stimuli. The second possibility would be to induce a better inflammatory signal 22 in the tumor zone, e.g. using a first wave of low-intensity X-rays. We consider this strategy to be a very promising approach to resistant tumors such as GBM. After assessing the capacity of tumors to attract injected macrophages loaded with particles, our next objective is to assess the capacity of loaded macrophages to migrate to GBM, and thus cross the additional constraint of the blood brain barrier. Zanganeh et al. have recently demonstrated that intravenous injection of NP-Fe 2 O 3 used to treat anemia proved to be a useful tool in reducing tumor growth. 46 The anti-tumor effect is due to a change in tumor microenvironment without necessarily being aware of all the phenomena involved. Indeed, tumors are largely composed of anti-inflammatory M2 macrophages (TAM), favoring cancerous development. Some research explains that NP-Fe 2 O 3 induce macrophage (M1 macrophages) inflammatory polarization, 46 which could explain why NP-Fe 2 O 3 -laden macrophages would be more efficient to detect and interrupt cancer development. However, this interpretation is far too restrictive. Many as yet unidentified phenomena might explain the ability of NP-Fe 2 O 3 -laden macrophages to more efficiently attack tumors. Moreover, the M1-polarization is not visualized in our experiment with FERINJECT® (ESI 2 †). Therefore, this effect is not general to all NP-Fe 2 O 3 usable. Our Trojan horse strategy offers two main advantages: (1) the use of FERINJECT® will enhance the efficiency of radiotherapy thanks to the release of photoelectrons in the tumor. (2) Contrary to strategies relying on other nanoparticles such as gold, the properties of FERINJECT® appear to be major assets in developing NP-based anti-tumor strategies, given their dissolution ability and therefore their low biopersistence in organs treated (i.e., the brain in the case of GBM). Moreover, in addition to being a metal easily managed by macrophages, iron is an essential element already present in the body, between 3 and 4 g. The daily intake from food is estimated to be between 10 and 20 mg, 10% being absorbed by the intestine. 47 Thus, the iron supplied via our therapeutic strategy is minimal compared to the high quantity already present in the body, thus limiting side effects. Finally, as regards other Trojan horse strategies with macrophages, our work is not limited to in vitro therapeutic effects. 48 We also assessed the safety of FERINJECT® and validated the strategy up to preclinical experimentation. Thus, treating cancers combining intravascular injection of laden macrophages and radiotherapy is a practicable solution. Even if the therapeutic (X-ray) effects were slight but still significant, this is the first time that killing neighboring cells without those having directly accumulated NP has been shown to be possible. Some publications assess the therapeutic efficacy only on NP-laden cells, 48 other strategies target CSCs with functionalized NP 49 or attempt to limit angiogenesis with different types of NP. 50 In the future, our results could be optimized in in vivo assays using one or several laden-macrophages injections and radiotherapy.
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